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Abstract

The increase in photocatalytic activity of reduced graphene oxide-TiO, heterostructures under ultraviolet and visible illu-
mination is already well known, as the photocatalyst mechanism modifications with heterostructure formation. However,
which step in the degradation mechanism is modified with reduced graphene oxide-TiO, heterostructure formation has been
not demonstrated yet. These specific modifications are caused by the alteration in reactive oxygen species production. In this
way, the goal of this study is defined which reactive oxygen species are produced by reduced graphene oxide-TiO, hetero-
structure in the photocatalytic mechanism. A fast synthesis method to obtain this heterostructure by the microwave-assisted
solvothermal method is presented, obtaining an improvement of photocatalytic efficiency, under UV and visible illumination.
The non-hydrolytic method favors a better distribution of TiO, nanoparticles around the reduced graphene oxide structure
and inhabits the charge carrier recombination, showing a faster electron transfer than TiO, samples. The RhB discoloration
mechanism confirms that the reduced graphene oxide presence modifies the main reactive oxygen species produced. Under
UV illumination, O,H* radical is the dominant reactive oxygen species produced by TiO,. For the heterostructure, the direct
oxidation by oxygen vacancy is the primary mechanism step. Under visible illumination, O,H* is the main reactive oxygen
species for both materials. The results present a better understanding of principal reasons related to the improvement in
photocatalytic activity and could be useful in semiconductor heterostructure design.

1 Introduction

Graphene oxide (GO) and reduced-GO (rGO) are excellent
candidates to anchor semiconductors nanocrystals due to
the presence of functional groups in GO surface and offer
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desirable efficiency in electron—hole pairs separation [1-10].
Reduced graphene oxide (rGO)/WO; heterostructures have
a better UV photocatalytic activity in the degradation of the
methylene blue dye at the 15% RGO mass ratio in WO; than
others rGO-WOj; proportion (from 6 to 20%) [11]. Long
et al. [12] reported the photocatalytic activity of graphene
oxide/TiO, (0.8 wt%) compounds in the photodegradation
of dye under visible light, assigning the photocatalytic activ-
ity in the visible region to the p—n junction heterostructure
formed between rGO and TiO,. The highest photocatalytic
activity in the treatment of water containing high salinity
levels and different compositions of recalcitrant organic
matter is obtained for a rGO/TiO, weight ratio of about
10% [13]. The 10% of rGO/TiO, is also presented with the
better condition for Rhodamine 6G degradation under UV
illumination.

The increase in photocatalytic activity can be attributed to
the excellent charge transport property of the rGO, which is
thermodynamically favored. Also, rGO has high load mobil-
ity, and the charges transport through the rGO structure is
relatively fast and may be useful in oxidation-reduction
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reactions [14]. However, the properties of the composite
obtained are not a simple superposition of the properties
of individual constituents, as the strong surface interactions
among the narrow semiconductors nanoparticles occur [15].
The heterostructures formation of different semiconductor
oxides allows absorbing a broad range of wavelength (UV
and visible light) and succeeding electron—hole pair separa-
tion, increasing photocatalytic activity [16].

In this way, this study looks to define which reactive
oxygen species are responsible for photocatalytic degrada-
tion with TiO,—rGO heterostructure, to understand better
organic contaminants degradation mechanism and factors
that modify the heterostructure photocatalytic activity. A
fast synthesis method to obtain TiO, heterostructures with
rGO (TiO,-rGO) by the microwave-assisted solvothermal
method (MAS), with improved photocatalytic activity
compared with TiO, was proposed. The anatase crystal-
line phase samples were characterized by X-ray diffrac-
tion and high-resolution transmission electron microscopy
(HRTEM), and the reduced characteristic of rGO was con-
firmed by Raman spectroscopy. Field emission scanning
electron microscopy and HRTEM confirms the interaction
between rGO sheets and TiO, nanoparticles. The TiO,~RGO
heterostructure shows a different optical behavior obtained
by diffusive reflectance spectroscopy. Photo-carrier transfer
and separation were also evaluated by photoluminescence
results and cyclic voltammograms. Finally, the photocata-
lytic mechanism modification of TiO,—rGO heterostructure
compared with TiO, in the RhB photo-degradation mecha-
nism was confirmed through scavenger solutions. The rGO
insertion alters the reactive oxygen intermediate, promoting
an increase in photocatalytic activity, under UV and visible
illumination. The correlation between structural and elec-
tronic properties and the improved photocatalytic activity
of TiO,—rGO heterostructure was also discussed.

2 Materials and methods
2.1 GO synthesis

All of the chemical reagents were analytical grade. Graphene
oxide (GO) was obtained by the Hummers method [17, 18],
using natural graphite as a precursor. Thus, NaNO; (1.0 g)
and graphite (1.0 g) were dissolved in 46 mL of concentrated
H,SO,. After 30 min in an ice bath under stirring, KMnO,
(6.0 g) is added slowly and remaining for 2 h under the same
condition. After that, the mixture was heated to 35 °C under
stirring for 2 h. Then, deionized water (46 mL) was added,
and the reaction temperature was maintained at 98 °C. After
15 min, the solution was removed from heating, and 100 mL
of deionized water and 20 mL of H,0, (30%) were added.
The dark brown solution turns yellow-brown, with a solid

of the same color in suspension that can be decanted. At the
end of the reaction, the mixture was centrifuged at 3500 rpm
for 10 min, until the supernatant presents a negative sulfate
test with the addition of barium salt solution.

2.2 TiO, synthesis

TiO, nanoparticles were obtained through the MAS method,
using titanium isopropoxide (Sigma-Aldrich) as Ti precur-
sor. 2.1 ml of titanium isopropoxide were added in 30 mL of
distilled water, with continuous stirring. After 10 min, acetic
acid (0.35 mol L™") was inserted until pH reach 3.0. Distilled
water was added until completed 60 mL of solution and
inserted into a polytetrafluoroethylene (PTFE) hydrother-
mal reactor for 80 min at 140 °C assisted microwave-aided
device for hydrothermal synthesis [19]. The resulted suspen-
sion was centrifuged five times at 7000 rpm for 10 min, and
dry, at 80 °C, all night.

2.3 TiO,-rGO heterostructure synthesis

TiO,-rGO heterostructure sample was also synthesized by
the MAS method, using dimethylformamide (DMF) and iso-
propyl alcohol as priority solvents. 20.0 mg of GO was solu-
bilized in 20 mL of DMF in an ultrasonic bath. In the same
solution, 2.1 mL of titanium isopropoxide was added and
remaining under constant stirring at 100 °C during 30 min.
After that, 20 mL of isopropyl alcohol, 20 mL of deionized
water, and 1.26 mL of acetic acid were added and stirred for
10 min. Afterward, the resulting solution was inserted in
microwave-assisted polytetrafluoroethylene (PTFE) hydro-
thermal reactors for hydrothermal synthesis during 80 min
at 160 °C. This sample was named as TiO,—rGO, and the
content of GO is 5.0 wt%.

2.4 Characterization techniques

Samples were characterized by microscopic, spectroscopic
and crystallographic techniques. Field emission scanning
electron microscopy (FE-SEM) (JEOL Microscope Model
JSM 6701F) and transmission electron microscopy (TEM)
(FEI microscope model Tecnai F20) were used to define
morphology and size of the samples. X-ray dispersion
(XRD) (Miniflex 300 Rigaku) was employed with a Cu
anode (ACu-K,=0.154 nm) in the range of 26 =20°-70°
at 2° min~! step was used to evaluate crystalline phase
structure. The Brunauer—-Emmett-Teller (BET) method
obtained through N, physisorption (Micromeritics Gem-
ini VII) was employed to obtain the surface areas (SA) of
synthesized samples. UV/Vis diffuse reflectance spectro-
photometer (UV-Vis—NIR Cary 5G spectrophotometer)
and Raman spectrometer (Renishaw, in-Via model) were
used, with 633 nm laser to evaluate the optical proprieties

@ Springer



17024

Journal of Materials Science: Materials in Electronics (2018) 29:17022-17037

of samples. The photoluminescence (PL) studies of solid
samples were performed using a fluorescence spectrometer
(Perkin Elmer LS 55) with a krypton multiline laser with
an excitation wavelength of 280 nm. X-ray Photoelectron
Spectroscopy (XPS) was performed using a Scienta Omi-
cron ESCA + model equipment with a high-performance
hemispheric analyzer (EA 125) adjusted to pass energy
of 50 eV, and a monochromatic Al K, (hv=1486.6 eV)
radiation was used as the excitation source. The operating
pressure in the ultrahigh vacuum chamber (UHV) during
analysis was around 2 x 10~ mbar. Energy steps of 0.5 eV
and 0.05 eV were used for the survey and high-resolution
spectra, respectively. The binding energies were measured in
reference to the C 1s peak at 284.5 eV. Thermogravimetric-
differential thermal analysis (TG-DTA) was carried out on
a TGA/DSC instrument of Shimadzu DTG-60H in air flow
at a heating rate of 10 °C/min.

Electrochemical measurements were carried out in a
conventional three-electrode system, connected to a com-
puter-controlled potentiostat (MPG-01- Microchimica). The
three-electrode system contained a thin film electrode as the
working electrode, Pt wire as the counter electrode, and a
Saturated Calomel Electrode (SCE) as the reference elec-
trode. The TiO, and RGO-TiO, thin film electrode were
produced by dip coating an ITO (indium-tin oxide) substrate
with the solution of synthesized materials dispersed in ethyl-
ene glycol (2 mg/mL). The area of thin film electrodes were
270.75 mm?>. Cyclic voltammograms were measured in a
0.005 mol L™! aqueous solution of potassium ferricyanide
(K;Fe(CN)g)(Merck), with a scan rate of 50 mV s

2.5 Photocatalytic procedures

The photocatalytic behavior of samples was obtained by
the discoloration percentage of dye (Rhodamine-B (RhB)
(2.5 mg L") solution [UV-Vis Spectrophotometer (UV-
2600 Shimadzu)]. In separated beaker, 2 mg of each samples
were dispersed in 20 mL of RhB solution, under magnetic
stirring, and placed in a reactor with UV-C illumination
(TUV Philips, 15 W, with maximum intensity) or visible
light (six Philips lamps, 15 W, and maximum intensity at
440 nm), at constant temperature of 25 °C. A UV-Vis spec-
trophotometer (Shimadzu-UV-1601 PC spectrophotometer)
was used to monitor the optical absorption of RhB solu-
tion throughout the experiment (2 h). Control, without the
semiconductor materials, only with RhB solution, was also
performed (photolysis). The RhB adsorption kinetic was
also conducted with the same apparatus and condition used
for photocatalytic experiment without illumination (dark
condition).

The photocatalytic mechanisms under UVC and vis-
ible irradiation were studied using different scavenger
substances for each sample. The substances used were
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sec-butanol (C,H,,0, 200.0 mmol L™!, Merck®) (OH radi-
cals scavenger), 2Na-EDTA (C,,H,4N,0g, 200.0 mmol L™,
Synth®) (hole quencher) and p-benzoquinone (C4H,O,,
203.0 mg L™!, Merck®) (superoxide radical scavenger). The
kinetic results are described as an average of three experi-
ments, and it showed the standard deviations for each meas-
urement and kinetic rates, as the R-squared.

3 Results and discussion

3.1 Structure and morphology characterization
of photocatalysts

Surface morphology of the TiO, nanoparticles shaped pris-
tine, and TiO,-rGO heterostructure was characterized by
FE-SEM in Fig. 1. The TiO, nanoparticles show spherical
particles agglomeration with various size distribution, with
6.0 nm average size (Fig. la), classified as nanoparticles
due to the small average size. The same morphology with
similar size is observed for TiO, obtained through sol-gel
methods [20, 21] and, through oxidant peroxide method,
TiO, describes the cylindrical architecture of nanorods
[22]. Trough microwave assisted hydrothermal synthesis, the
influence of temperature and microwaves intensity promote
the water diffusion away from Ti** precursors, inducing an
amount of crystal nucleus on the solution and, consequently,
diminishing particles size. To decrease the system energy
and due to the adequate surface charges, TiO, nanoparticles
tend to agglomerate. The HRTEM images of TiO, nano-
particles in Fig. 1b confirmed agglomeration of crystalline
spherical nanoparticles. Interplanar lattice spacing of TiO,
is identifying (Fig. 1b) as 0.36 nm and 0.25 nm, correspond-
ing to the (101) and (103) planes of anatase phase of TiO,,
respectively, suggesting anatase as the primary crystalline
phase.

Figure 1c is depicted the FE-SEM images of the
TiO,—rGO sample as TiO, nanoparticles agglomerations
all over the rGO surface, similar to TiO, sample images.
The synthesis condition, mainly the solvent characteris-
tic, alters the growth mechanism. The acceptable solubil-
ity of GO in DMF solvent (an organic solvent) and, the
satisfactory solubility of the Ti** precursor in isopropyl
alcohol enable the formation of clusters with an increase
of defects density as oxygen vacancy. Once Ti** precur-
sor solution was dispersed in GO solution, the color of
Ti** solution modified from white to light brown, indicat-
ing an interaction between oxygen vacancy ([TiOs.V,])
from Ti*" precursor and electrons from GO particles. The
interaction is caused mainly by oxygenated functional
groups on GO surface, where is initiated the nucleation
formation during the synthesis method, with tempera-
ture and microwave irradiation, and TiO, nanoparticles
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Fig. 1 FE-SEM images of TiO, (a) and TiO, RGO (¢), HRTEM images of TiO, (b) and TiO,-rGO (d)

formation/crystallization. In the same way in which the
synthesis condition promotes TiO, nanoparticles forma-
tion, the microwave treatment helps the GO reduction by
Ti powders, creating then a heterostructure between TiO,
and rGO [23].

The growth of TiO, nanocrystals with different rGO sheet
morphologies are attributed to different reducing abilities of
the [TiO5.V,] complex cluster as a result of the hydrolysis
in solution. For the solvothermal method, similar results of
TiO,—rGO heterostructure sample are observed using TiCl,
as Ti precursor solution and ethyl alcohol [24]. The growth
of TiO, nanospheres without growth promoter reagent, uni-
formly deposited on GO sheets, is also reported using tita-
nium sulfate as Ti precursor [5]. The hydroxyl functional
groups in GO sheets act as heterogeneous nucleation sites
for anchoring the [TiO5.V ] complex clusters, resulting in
well distributed TiO, nanospheres. Wang et al. [23] obtained
TiO,-rGO heterostructure samples using a two-step syn-
thesis method. The first one is the synthesis of TiO, in the

hydrothermal method followed by the microwave-assisted
method to disperse and reduce GO leaves.

HRTEM images of TiO,—rGO heterostructure sample in
Fig. 1d showed that TiO, nanoparticles are distributed all
over the rGO sheets, confirming the TiO, and rGO interac-
tion, which is essential in a semiconductor heterostructure.
Structures transparency confirms the nanometric thickness
of rGO structures through microscopy electron bean. TiO,
distribution over the rGO sheets confirms the TiO, growth
mechanism through heterogeneous nucleation sites for
anchoring the [TiO5V,] complex clusters. The 0.36 nm inter-
planar lattice distance was observed, corresponding to (101)
plane of TiO, anatase and similar with TiO, sample. Other
interplanar distance was observed as 0.19 nm, corresponding
to (200) plane of TiO, anatase, confirming anatase as the
main crystalline phase TiO,—rGO heterostructure sample.

Figure 2a shows the X-ray diffraction patterns (DRX)
of TiO, and TiO,-rGO heterostructure samples, indexed
as TiO, crystalline phase anatase (JCPDF 21 1272) for
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Fig.2 a X-ray diffraction of TiO, and TiO,—rGO samples indexed
with JCPDF 21 1272. b Raman spectra of TiO, and TiO,—rGO sam-
ples

Table 1 Crystallite size (nm), specific surface area (SSA, m?> g~!) and
band gap value (eV) of TiO, and TiO,—rGO samples

Samples Crystallite size-d ~SSA-BET Band gap
(nm) (m” g™ energy
(eV)
TiO, 5.09 193.96 3.24
TiO,-rGO 5.30 180.78 3.20

both samples, endorsing the HRTEM interplanar distances
results. The presence of GO in 5% (w/w) does not alter the
formation of the main crystalline phase anatase even induces
the formation of other crystalline phases. Other authors also
cited the anatase crystalline phase retention with the intro-
duction of GO in TiO, samples [27].

Due to the spherical characteristic of TiO, nanoparti-
cles presented by FE-SEM images, the average crystallite
size (d), obtained by Scherrer equation [28], as well as the
specific surface area estimated by N, physisorption using
the BET methods, are depicted in Table 1. For Scherer
equation calculation, only the main anatase TiO, crystal-
lographic peak (~25°) was utilized for each sample. For d
results, TiO, and TiO,-rGO heterostructure samples are
classified as nanoparticles, confirmed the FE-SEM average
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size results, due to d values range from 5.09 to 5.30 nm,
for TiO, and TiO,-rGO heterostructure samples, respec-
tively. The presence of GO in the precursor solution pro-
motes a slight increase in crystallite size of TiO,. The rGO
presence decreased the BET specific surface area (SSA)
compared with TiO, samples. The nanoparticles observed
in HRTEM images are not a single crystal, and each parti-
cle corresponds to an aggregate of some small crystallites.

Raman spectra in Fig. 2b produced the direct evidence
for TiO,—rGO heterostructure formation. Typical Raman
spectra of TiO, samples with distinct peaks attributed to
anatase phase is showed with the Raman active modes
of anatase phase with Eg, Blg, Alg, and Eg symmetries.
Raman spectrum of GO shows two main intense peaks
at 1335 cm™! (D band) and 1590 cm™! (G band). For
TiO,-rGO heterostructure, Raman spectrum presents the
active modes of anatase phase, as well as D band and G
band of GO. However, a peak shift for anatase peaks and D
and G bands are observed. For the TiO, sample, the main
E, vibration peak is located at 148 cm™! and for TiO,—rGO
heterostructure sample is blue-shifted (159 cm™!). The
same behavior is noticed for D and G band.

The typical D band of GO (1349 cm™') is related to
structural imperfections created in GO reduction meth-
ods, and G band (1608 cm™!) is attributed to E,, photon
scattering of sp? carbon [25]. The reduction method used
here is the microwave treatment, which could induce the
GO reduction to rGO during heterostructure formation.
Those D and G band for TiO,—rGO heterostructure sample
shifted to 1327 and 1600 cm™!, respectively, compared
with TiO, sample. The intensity ratio of D and G band (I,/
I) for GO sample (0.77) indicates the presence of a signif-
icant amount of sp? carbon in GO material. For TiO,~rGO
heterostructure sample, the Ip/I; increased (1.08) and is
associated with more structural imperfections produced by
the functional groups introduced to the GO material during
the microwave synthesis method [25].

The optical behavior of the samples was also evaluated
by diffuse reflectance spectroscopy (DRS), and the results
are presented in Fig. 3. It can be observed that the opti-
cal behavior changes entirely with the TiO,—rGO hetero-
structure formation, decreasing the gap, similar behavior
is observed for other materials [26-28].

In the inset of Fig. 3, Kubelka Munk Function versus
band gap energy of the respective samples is presented,
and it is possible to determine the band gap energy value
of each sample, presented in Table 1. A change is observed
for heterostructure and TiO, sample, slightly reducing the
band gap value of the sample, and confirming the effective
coupling between rGO and TiO, particles by the proposed
method. This change could influence the photocatalytic
activity of the samples, especially under visible light.
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Fig.3 UV-Vis diffusive reflectance spectra of TiO, and TiO,—rGO
samples. Insert Kubelka Munk function versus band gap energy of
TiO, and TiO,—rGO samples

The chemical states and element binding energies of
TiO, and TiO,—rGO heterostructure samples were studied
by measuring the survey and high-resolution XPS spectra.
The XPS survey scan (Fig. 4a) confirmed the presence of
titanium, oxygen, and carbon as the main elements of both
samples. The typical high-resolution spectra of C (Fig. 4b)

O1s A
7 Ti2p
3
8
> [Ti0,rGO Ti2s Cis
c |
s 4
£ |
Tio; 4
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Intensity/a.u.

200 0

were deconvoluted in four peaks. For TiO, sample, the peaks
at 284.5 and 285.6 eV (Table 1—SI) were assigned to C=C
and C—C energy binding, respectively, from adventitious car-
bon. For TiO,-rGO heterostructure sample, the respective
peaks were fitted at 284.4 and 285.9 eV. The peaks assigned
for hydroxyl carbon (C-O) and carboxyl carbon (O-C=0)
have been adjusting at 288.1 and 288.9 eV for TiO, and
287.8 and 288.7 eV for TiO,—rGO heterostructure [29].
The O 1s high-resolution spectra were similar for TiO,
and TiO,-rGO heterostructure samples, which were decon-
voluted in three central peaks. For TiO, sample, 529.0;
530.9; and 532.6 eV peaks were assigned to Ti—O, hydroxyl
groups (O—H) and, adsorbed water (H-O-H) binding energy,
respectively. For TiO,—rGO heterostructure sample, the
peaks fit at 529.3; 530.7; and 532.3 eV. The oxygen content
for TiO, and TiO,—rGO heterostructure was also similar as
29.93 and 30.37% (Table 1—SI), respectively, indicating
that there is no evidence of chemical states modifications in
relation with oxygen content between both samples [25, 30,
31]. Although XPS results do not show a reduction behavior
of TiO,—rGO heterostructure sample, Raman results confirm
that the heterostructure sample has reduced graphene oxide
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Fig.4 a Survey XPS spectra, b C 1s XPS high-resolution spectra, ¢ O 1s XPS high-resolution, d Ti 2p XPS high-resolution of TiO, and TiO,—

rGO samples
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Fig.5 TGA and DSC curves of TiO, and TiO,-rGO samples

in the composition. The typical Ti 2p high-resolution spec-
tra show two principal peaks assigned to orbital spin peaks
of Ti 2p¥? and Ti 2p'?, at 457.6 and 463.4 eV for TiO,,
respectively, and at 457.63 and 463.34 eV for TiO,—rGO
heterostructure sample.

Thermal gravimetric analysis (TGA) and differential ther-
mal analysis (DSC) in air atmosphere were conducted to
obtain the thermal properties of GO and TiO,—rGO (Fig. 5).
As TiO, sample is an inorganic sample, the weight loss was
not significant (not shown) while rGO sample is thermally
unstable, starting losing mass since the beginning of the TG
analysis. rGO sample lost around 58% of weight until 420 °C
and showed a fast weight loss from 420 to 525 °C, stabiliz-
ing at 94%. DSC analysis confirms four significant TG drops
in mass with exothermic peaks in 159, 203, 469, and 497 °C
for rGO sample. The first mass loss process is derivate from
water losses (159 °C), followed by the decomposition of
the labile functional groups (C,O,H, species) as CO and
CO, (203 °C). The latter two DSC exothermic peaks of the
TiO,—rGO sample (469 and 497 °C) are attributed to pyroly-
sis of GO carbon skeleton [32, 33]. In the case of TiO,—rGO,
the sample lost around 9% of weight until 525 °C and, after-
ward, the sample weight stabilized at 91.5%. The weight
loss is related to the combustion of hydroxyl groups and
organic substances from the precursor solution and, mainly,
with the rGO degradation. Differently, from GO, the DSC of
TiO,—rGO sample presents only two exothermic peak com-
bustion at 280 and 370 °C, associated with pyrolysis of GO
carbon skeleton. The small weight loss of TiO,—rGO sample
compared with GO sample is related to the low percentage
of rGO in TiO,—rGO sample, demonstrating the decrease in
thermal stability of GO after TiO, addition [34].

3.2 Enhancement of photocatalytic activity
The photocatalytic activity of TiO, and TiO,-rGO hetero-

structure was tested through non-color herbicide ametryn
photodegradation, under UV and visible illumination
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presented in Fig. 6a, b, respectively. Ametryn is a water-
soluble (185 mg L™') sulfur-containing triazine herbicide
with a nitrogenized aromatic ring in its chemical structure.
The first photodegradation step of ametryn in acidic solu-
tion (pH 3) is the photolysis of thiol group with hemolysis
of the C-S bond. Then, H abstraction occurs resulting in
triazinyl radicals [35]. The thiol group photolysis pro-
motes an intense absorption decrease in UV-Vis spectra
under UV illumination, even without catalyst use (ametryn
solution without TiO, and TiO,—rGO heterostructure)
(Fig. 1—SI), resulting in a gap in kinetic results (Fig. 6a)
at initial 30 min of ametryn photodegradation. The kinetic
behavior of ametryn degradation under UV and visible
illumination was obtained by the maximum absorption of
UV-Vis spectra in 235 nm obtained through deconvolution
of UV-Vis spectra in four absorption peaks.

TiO,—rGO heterostructure shows better photocatalyst
results under UV and visible illumination compared with
TiO,. For 120 min under UV illumination, TiO,—rGO het-
erostructure provokes 38% of ametryn degradation instead
of 35% of TiO, sample, indicating a better efficiency in
photogenerated charge carrier separation of TiO,-rGO
heterostructure. Reduced graphene oxide presence also
could improve the adsorption behavior of TiO,—rGO heter-
ostructure, promoting an increase in photocatalytic activ-
ity. Although the ametryn degradation decreases under
visible illumination compared with under UV illumina-
tion, TiO,—rGO heterostructure shows the best efficiency
in visible ametryn degradation, confirming a functional
charge separation efficacy of TiO,-rGO heterostructure.
It is important to mention that in the non-color molecule
as ametryn, the dye sensitizing mechanism does not take
place under visible illumination, reducing the photocata-
lytic activity.

Figure 6 also shows the photocatalytic activity of the
Rhodamine-B discoloration, a colorful molecule, with TiO,
and TiO,—rGO heterostructure samples, under UV (C) and
visible illumination (D). The adsorption kinetic was con-
ducted (Fig. 2, SI) without illumination and show less than
8% of RhB adsorption during 120 min, which indicate the
catalytic effect of semiconductors material. Under UV illu-
mination (Fig. 6¢), the RhB photolysis occurs and, under
visible illumination (Fig. 6d), RhB was stable until 60 min,
degrading only 4% until 120 min. The presence of TiO,
and TiO,—rGO heterostructure samples improves the RhB
discoloration under illumination, confirming the photoca-
talysis process occurrence. Under UV light (Fig. 6¢), the
TiO,-rGO heterostructure sample shows improvement on
RhB photocatalysis compared with TiO, sample. The TiO,
sample reached 57% of RhB discoloration, and TiO,—-rGO
heterostructure obtained 81% of RhB discoloration during
120 min. The TiO,—rGO heterostructure formation increased
the efficiency in the photocatalytic discoloration of RhB
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solution, promoting a better separation of photogenerated
carriers than in the TiO, sample [36].

Zhou et al. [37] demonstrated an excellent photocatalytic
activity in the degradation of methylene blue dye using
TiO,-rGO heterostructure. Authors proposed that the elec-
tron—hole pair is generated by the surface illumination of
TiO, under UVC light. The photogenerated electrons are
usually directed to the leaves of rGO and sequestered by the
dissolved oxygen, facilitating the separation of the photogen-
erated charges. Also, the photogenerated holes react with
adsorbed water or hydroxyl ions to form hydroxyl radicals,
or holes are directly oxidized by the organic compounds [5].

Under visible light, the photocatalytic activity in the dis-
coloration of RhB of TiO,—rGO heterostructure sample pre-
sented a considerable increase compared to TiO,. In Fig. 6d,
the TiO, sample reached 38% of RhB discoloration, and
TiO,—rGO heterostructure obtained 53% of RhB discolora-
tion during 120 min. GO acts as an absorbent of visible light,
promoting the generation and possible efficient separations
of electron/hole pair. It is important to notice that the TiO,
distribution over rGO surface as band gap value affect the
visible photocatalytic efficiency. Posa et al. [38], presented
98% of RhB discoloration under solar light irradiation with
reduced GO-TiO, composite, attributing the photocatalytic

enhancement activity compared with TiO, sample (42%
RhB discoloration) to increased light absorption and reduc-
tion of electron/hole pair recombination with TiO,—rGO
heterostructure uses.

The RhB discoloration is classified as pseudo-first order
reaction [20] due to the R-square values presented in Table 2
(UV and visible irradiation), and the photocatalytic degra-
dation rate values (k) obtained from the kinetic relation are
shown in Table 2. The heterostructure formation modifies
the rate values, under UV and visible illumination, increas-
ing the content of RhB discoloration in both cases.

The homogeneous dispersion of TiO, nanoparticles all
over the rGO sheet, observed in FE-SEM and HRTEM

Table 2 Photocatalytic degradation rate values under UV illumina-
tion and visible irradiation obtained by TiO, and TiO,—rGO hetero-
structure samples sample

Samples UV illumination Visible illumination

k (mins™h)x1073 R? k(mins Hx1073 R?
RhB 1.98+0.085 0.993  0.42+0.032 0.982
TiO, 7.18+0.166 0.998 4.02+0.648 0.999
TiO,rGO  18.47+0.127 0.992  6.78+0.378 0.997
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images, is an important factor which affects the improve-
ment of photocatalytic activity of TiO,—rGO heterostructure
sample, as facilities the charge transference between the
TiO, nanoparticle and rGO sheets. Another factor that is
important to consider is the close interface of rGO and TiO,
nanoparticle in heterostructure sample. The close interac-
tion between [TiO5.V,] and rGO electron leads to a substan-
tial chemical bond interaction, promoting interfacial charge
carrier migration in the TiO,—rGO heterostructure. Then,
the electron/hole pair separation is more efficient, inhibit-
ing the charge recombination process and, consequently,
increasing the photocatalytic activity of TiO,—rGO sample
compared with TiO, [29]. The strong interaction between
TiO, nanoparticles and the rGO sheets is also observed in
the modification in Raman vibration peak characteristic to
GO structure. The charge separation and electron transport
of the composite materials, in the case TiO,—rGO hetero-
structure, are promoted through the adequate interaction
between TiO, nanoparticles and rGO material [39], and also
improves the photocatalytic activity of TiO,—rGO hetero-
structure. One important factor especially in visible RhB
photodegradation in the increase of the light absorption in
the visible region of heterostructure sample, which contrib-
utes to the better performance of electron/hole pair creation
in larger light wavelengths and alteration of the degradation
process.

All those factors that modify the photocatalytic activity
of TiO,—rGO heterostructure are based on electron/hole pair
creation and/or separation, and the interfacial charge carrier
migration. In this case, it is indispensable to obtain some
information about charge electronic transference process to
finally elucidate the improvement modification observed in
photocatalytic degradation mechanism for TiO,—rGO het-
erostructure compared to TiO, samples.

3.3 Charge electronic transference process
and band diagrams

Figure 7 shows the PL spectra of both samples which were
similar, indicating similar electronic structure and defects.
The emission spectra show a peak of about 410 to TiO, and
TiO,-rGO heterostructure sample, which could be ascribed
to the band edge-free excitation, attributed to an indirect
transition [40]. According to Fig. 7, the intensity of pho-
togenerated electron/hole pairs of TiO, sample is higher
than for TiO,-rGO heterostructure, confirming that the
heterostructure formation avoids the charge recombination
[41]. A lower PL intensity corresponds to lower recombina-
tion of photogenerated carriers, promoting an increase in
e~/h* lifetime, creating an increase in photocatalytic activity
efficiency.

As confirmed by PL results, the TiO,—rGO heterostruc-
ture avoids the charge recombination. However, the standard
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heterogeneous rate constant, k,, which corresponds to the
rate of electron transfer in each material, was obtained
by Nicholson method [42], using cyclic voltammograms
(CV). CVs have been achieved with thin-film electrodes
constructed with TiO, or TiO,—rGO heterostructure. Fig-
ure 8a shows that the UV illumination cyclic voltammo-
grams (photocurrent) did not modify considerably compared
within the dark cyclic voltammograms for both electrodes.
However, for TiO, sample, the UV illumination promotes an
enlargement in AE (0.450 V vs. SCE—Table 3) compared
without lighting (0.418 V vs. SCE). For TiO,-rGO hetero-
structure sample, the UV illumination displays similar AE
values (0.458 V vs. SCE) without illumination (0.479 V vs.
SCE—Table 3). The illumination provokes the enlargement
of AE values for both materials. Besides the current reduc-
tion density, the oxidation current density diminished under
illumination as shown in Table 3. For k, calculation, the dif-
fusion coefficients used were Dy =Dg=7.26x 1070 cm? s~
and k;, values are presented in Table 3 [43]. The k, values
were slightly close, and TiO,—rGO heterostructure causes a
decrease in electron transfer. The illumination decreases the
electron transfer in electrode probably due to the increase in
the recombination process.

For TiO,—rGO heterostructure with lower rGO con-
tent than 1.0 wt%, it was demonstrated that the absorbed
light by the rGO is used for creating a unique photother-
mal effect around the photocatalyst, promoting an increase
in charge transport [44]. Although TiO, sample presents a
slightly higher k, than TiO,—rGO heterostructured sample,
the recombination process is higher in TiO, sample than
in TiO,—rGO heterostructure. Then, the balance between
electron transfer and recombination process is favorable for
TiO,—rGO heterostructure, increasing the photocatalytic
efficiency.

The flat band potential (V) could be defined as a poten-
tial that no transfer charge occurs and is encountered through
Buttler equation for each semiconductor.
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where j is the photocurrent density, N, is the number of
charges donors, ¢ is the transferred charge per ion, ¢ is the
permittivity of the surroundings, &, is the vacuum permit-
tivity, I, is the current density difference, a is the optical
absorption coefficient, V is the potential [43]. The flat band
potential is obtained with the x-axis onset of the square pho-
tocurrent in Fig. 7a. It is considered that V, values fit with
the conduction band edge in n-type semiconductor materi-
als and, then, it is possible to construct an estimate band

diagram of TiO, and TiO,-rGO heterostructure (Fig. 8b).
The heterostructure formation TiO,—rGO heterostructure
slightly modifies the CB edge value of TiO,, as shown in
Table 3 and Fig. 8b. The band gap values were added to the
CB edge to obtain valence band edge, also indicating the
modification in the VB edge [45].

3.4 Structure-activity relationships and the dye
photo-degradation mechanism

Until now, it was studied the structure and morphology char-
acterization of TiO, and TiO,-rGO heterostructure samples
to elucidated principal reasons for TiO,—rGO heterostructure
sample shows better photocatalytic performance compared
with TiO,. This work aimed to demonstrate the influence of
heterostructure formation and the modification in reactive
oxygen species production (ROS). The amendment in ROS
production is caused by the physical and chemical modifica-
tion caused by TiO,—rGO heterostructure formation, which
changes the dye mechanism photo-degradation compared
with TiO, sample.

The improvement of photocatalytic efficiency of
TiO,-rGO heterostructure over TiO, sample is caused by
diverse factors, such as the homogeneous distribution of
TiO, nanoparticles all over the rGO sheet, crystallinity, rGO
reduction, and intense absorption in the visible light region.
The recombination rate of photogenerated charge carrier and
the rate of electron transfer (k) that are lower for TiO,—rGO
heterostructure than for TiO, are essential in photocatalytic
activity efficiency.

The degradation mechanism discussed above is related
explicitly to the RhB molecule, which is a well-known
standard molecule for kinetic studies. Based on Kroger-
Vink notations and cluster model [43], TiO, is described as
a [TiOg4]* neutral cluster, presenting as extrinsic defects the
([TiO0s5. V], [TiOs.V,*], [TiO5.V,**]), and these are linked to
order—disorder effects in the electronic structure. [TiOs.V,*]
represents the neutral oxygen vacancy, [TiOs.V,*] represents
the mono-ionized oxygen vacancy, and [TiOs.V,**] the di-
ionized oxygen vacancy.

The photocatalytic mechanism starts with the spe-
cific wavelength absorption (Av) by a TiO, neutral cluster

Table 3 Peak-to-peak separation (AE) values, the current density of oxidation and reduction obtained from Fig. 8a, the standard heterogeneous
rate constant (k) and flat-band potential (V) for TiO, and TiO,—rGO samples

Sample AE (V vs. SCE) 1gensity OXidation 1gensity reduction kox 1072 (cm s™Y) Vg (V vs. NHE)
(WA mm?) (WA mm?)

TiO,—dark 0.418 2.75 —243 2.34

TiO,—UV 0.450 2.60 —-2.50 2.15 —-0.126

TiO,~-rGO—dark 0.458 2.74 —2.56 2.11

TiO,-1GO—UV 0.479 2.56 -2.71 2.00 —-0.129
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([TiO4]%), resulting in electron—hole pair creation as a mono-
ionized oxygen vacancy ([TiOs.V,*]—positive charge) and a
negative TiO, cluster charged ([TiO¢] ") (Eq. 2). Considering
UV illumination, then:

[TiOg]" + hv — [TiOg]" + [TiOs.V] )

The first sequence reactions start with the photogenerated
mono-ionized oxygen vacancy or positive charge ([TiOs.
V,*]) reacting with surface adsorbed water (H,0), produc-
ing OH* radical and hydrogen ions.

[TiOs. V] + H,O0 — [TiO5.V,*|..OH* 4y + H  (3)

Di-ionized oxygen vacancy ([TiO5.V,**]), formed by
reaction between mono-ionized oxygen vacancy ([TiOs.V,°])
with adsorbed molecular oxygen, could also participate in
OH* radical production. However, the main mechanism of
OH* production is Eq. 3.

The second step of the mechanism is the photogenerated
negative TiO, cluster charged ([TiOg4]"), or just negative
charge reacts with molecular oxygen adsorbed (O,) on the
surface. The hydrogen ions produced during OH* genera-
tion (H®*) (Eq. 3) also participate in the reaction to produce
superoxide radicals (O,H*).

[TiOg]" + O, + H' = [TiO4]"...0,H" () )

Another possibility to produce O,H* radical is the mono-
ionized oxygen vacancy ([TiOs.V,*]) reacts with adsorbed
molecular oxygen and hydrogen ions produced during OH*
generation, generating O,H* radicals. However, the main
O,H* production is based on Eq. 4.

The RhB discoloration mechanism is influenced by the
direct photo-oxidation through the mono-ionized oxygen
vacancies ([TiOs5.V,*]) in VB. In this case, mono-ionized
oxygen vacancies ([TiO5.V,*]) reacts with the RhB molecule
adsorbed on the semiconductor surface, creating RhB* radi-
cal, which will be degraded in subproducts (Eq. 5).
[TiO5.V,']..RhB ) = [TiOs5.V,’|...RhB? )

Briefly, the RhB degradation mechanism is mainly influ-
enced by three photocatalysis mechanism steps: (i) direct

photo-oxidation through the mono-ionized oxygen vacan-
cies (Eq. 5); (ii) OH* radical reaction, mainly produced by
photogenerated mono-ionized oxygen vacancy or positive
charge ([TiOs.V,*]) reacting with surface adsorbed water
(H,O) (Eq. 3); (iii) O,H* radical reaction, mainly produced
by photogenerated negative TiO, cluster charged ([TiOg4]")
or negative charge reacting with molecular oxygen adsorbed
(0,) (Eq. 4) [46].

By using appropriate scavengers, the formation of ROS
species such as hydroxyl (OH*) and superoxide (O,H*)
radical, as the direct photo-oxidation of oxygen vacan-
cies, were obtained to elucidate the RhB photo-degradation
mechanism during UV illumination. The k" were obtained
using scavengers solution with RhB discoloration process,
and the photodegradation reaction kinetics were classified
as pseudo-first order reaction (Fig. 3—SI). As the k' related
to each scavengers solution diminished compared with k'
without scavenger solution, the importance of the radical
or direct photo-oxidation of oxygen vacancies increases. In
other words, it was observed in Table 4 that in the presence
of 1,4-benzoquinone (BQ), which is superoxide scavenger,
the k' was suppressed, indicating that O,H* is a reactive
oxidative intermediate and influences in the RhB photo-
degradation mechanism. In this way, the importance of the
step mechanism (IMS) was obtained through the relation:

(k, x 100)

IMS =100 —
k

Q)

Which, k, is the photocatalytic degradation rate values
for each scavenger and wavelength illumination, and k is the
photocatalytic degradation rate values without scavenger.
Tables 4 and 5 depict the k; values obtained for UV illumi-
nation and visible illumination, respectively, for TiO, and
TiO,—rGO heterostructure samples, as the SMI values. Fig-
ure 9a shows the importance of the step mechanism of discol-
oration of the RhB under UVC illumination for samples TiO,,
and TiO,—rGO heterostructure, with the scavengers solutions.

The degradation by the O,H* radical is the most impor-
tant reactive oxygen species for the discoloration of RhB
for TiO, sample under UV illumination (Fig. 9a). In this
case, the primary mechanism step of RhB discoloration for
TiO, sample under UV illumination is the O,H* radical
production (Eq. 4). The second most crucial mechanism

Table 4 Photocatalytic degradation rate values under UV illumination obtained by each scavenger solution (ks) and the percentage of impor-
tance in photocatalytic mechanism (SM! step mechanism importance—Fig. 8)

Scavenger TiO, TiO,-rGO

kg (min s~y 1073 SMI (%) k, (min s~y x 1073 SMI (%)
Sec-butanol (BUT) 6.13+0.387 14.62 11.25+0.615 60.91
p-benzoquinone (BQ) 2.16+0.254 69.91 3.30+0.245 82.13
2Na-EDTA (EDTA) 3.27+0.369 54.46 1.68+0.298 90.90
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Table 5 Photocatalytic degradation rate values under visible illumination obtained by each scavenger solution (ks) and the percentage of impor-
tance in photocatalytic mechanism (SM! step mechanism importance—Fig. 8)

Scavenger TiO, Ti0,—rGO
k (min s~y x 1072 SMI (%) k, (min s~ x 1072 SMI (%)
Sec-butanol (BUT) 7.30+0.105 -81 6.85+0.258 -1.03
p-benzoquinone (BQ) 0.72+0.118 82.09 0.59+0.182 91.29
2Na-EDTA (EDTA) 3.25+0.064 19.15 1.11+0.229 83.63
o0 JOV under UV illumination of TiO, and, consequently, O,H*
Tio, radicals degradation step occurs in the conduction band of
7522 Ti0,rGO the material. In the valence band, the direct photo-oxida-
< 60 tion by oxygen vacancies occurs instead of OH* radicals
@ degradation step [8].
= 4 The TiO,-rGO heterostructure formation alters the
30 mechanism of discoloration of RhB under UV illumination
i5] since the primary mechanism step responsible for RhB dis-
K coloration is through the direct photo-oxidation by oxygen
a BUT BQ EDTA vacancies (Fig. 9a—Eq. 5). In this condition, the photogen-
OH* O,H* he erated carriers are created when [TiO¢]* is UV illuminated
— (Eq. 2).
90+ ﬁgzad'a""” TiO,—-rGO heterostructure enables the easily charge sepa-
75z Tio,rc0 ration, attracting the negative charge ([TiO¢]’) and trapping
. it in reduced graphene oxide sheets ([TiOg4]'...rGO). Here,
) o an important modification in RhB photocatalytic mechanism
g 45+ compared with TiO, sample occurs, when mono-ionized
~ 30 oxygen vacancy ([TiOs.V,*]) is oxidized to di-ionized oxy-
gen vacancy ([TiOs.V,**]) and, then, donates one negative
= charge to RGO (Eq. 7).
T But  BQ EDTA [Ti05.V,"] + [TiO,]"...1GO — [TiO,]’...1GO + [TiO5.V,"]
H* H* h°

Fig.9 Discoloration mechanism of Rhod-B under UV and visible
illumination of TiO, and TiO,—~rGO with scavengers solutions. But
sec-butanol, BQ p-benzoquinone, EDTA 2Na-EDTA. Figure based in
Tables 4 and 5

step in RhB discoloration for TiO, sample under UV illu-
mination is by the direct photo-oxidation by the oxygen
vacancies in CB. In this case, oxygen vacancies, [TiOs.
V,°] reacts with the RhB molecule adsorbed on the semi-
conductor surface, creating RhB* radical, which will be
degraded in subproducts (Eq. 5).

Finally, and the most surprising, the OH* production is
the third significant mechanism step in RhB discoloration
for TiO, sample under UV illumination (Eq. 3). Contro-
versially with the most authors that attribute the major
mechanism step for RhB photocatalysis is OH* radical
[23, 25, 39, 47]. The half-life time for radicals is generally
too small, and inactivation reactions could occur. On the
other hand, it is evident that photocharge carrier is created

(N

At the same time, the photogenerated positive charge cre-
ated is trapped as [TiOs5.V,**], and the direct photo-oxidation
of RhB molecule occurs, representing the most important
reactive oxygen species for the discoloration of RhB with
TiO,-rGO heterostructure sample.

The negative photogenerated carrier ([TiOg]"), allocated
in rGO sheets, starts the production of O,H* radical, react-
ing with adsorbed molecular oxygen (Eq. 8). The O,H* radi-
cal production is the second most important mechanism step
in RhB discoloration for TiO,—rGO heterostructure under
UV illumination.

[TiO]...1GO + 0, + H' — [TiO()]X...rGO...OzH*(adS%S

Finally, the OH* production takes place with photogen-
erated mono-ionized oxygen vacancy or positive charge
([TiO5.V,*]) reacting with surface adsorbed water (H,O)
(Eq. 2), and producing OH* radical and hydrogen. Another
important factor that collaborates with the main mechanism
step of RhB discoloration by TiO,—rGO heterostructure
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under UV illumination is the possibility to rGO increase the
RhB molecules adsorption over the surface material, which
facilities the direct photo-oxidation by oxygen vacancies.

Figure 9b presents the photocatalysis process with scav-
engers solution under visible illumination for TiO, and
TiO,-rGO heterostructure samples. Under visible light, the
dye sensitizing mechanism takes place, where the RhB mol-
ecule could be excited through visible wavelength absorp-
tion (RhB*) due to the color characteristics, and reacts with
the TiO, neutral cluster ([TiO4]*), transferring a negative
charge and creating negatively charged cluster ([TiO¢]").
Also, as RhB donates a negative charge, a positive charge is
created on the RhB molecule (RhB™).

[TiOg]" + RhB* — [TiOg]' + RhB* )

Although the above reaction plays an important factor
and starts the RhB discoloration mechanism under visible
illumination, Fig. 9b shows the most reactive oxygen spe-
cies for RhB discoloration mechanism under visible illumi-
nation is O,H* radical (Eq. 4, Fig. 4—SI). The But scaven-
ger results depict SMI with negative values and should not
be considerate at this moment. The second most important
step is the direct photo-oxidation of RhB by oxygen vacan-
cies (Eq. 5), and the last important is the OH* production
(Eq. 3). The butanol scavenger solution shows an increase
in k' value higher than k' without any scavenger and pre-
sents a negative SMI. With OH* radical scavenger (butanol)
in the RhB solution, the photo-charge separation is forced,
inhibiting the RhB discoloration through OH* radical step
(Eq. 3). As O,H* radical is the most important reactive
oxygen species in the RhB degradation mechanism for TiO,
sample, the k' value related to butanol scavenger increase
more than k' without scavenger. It is important to notice
that, although the visible mechanism steps could be similar
for TiO, under visible and UV illumination, the efficiency
of each mechanism step for visible illumination is lower
than in UV illumination mechanism, as represented by k'
values.

Under visible light, the TiO,—rGO heterostructure did not
necessarily alter the major mechanism step of RhB discolor-
ation compared to TiO, sample. It is proposed that the rGO
only favor such steps, especially the charge transfer steps
showed in the single equation, and, consequently, influences
in the ROS production. The RhB discoloration mechanism
for TiO,—rGO heterostructure under visible illumination
suffers influence by dye sensitizing mechanism similar to
the TiO, mechanism. Additionally, the rGO promotes other
electron transfer to conducting a band of TiO, as it presents
broad absorption under visible illumination [26], allowing
the rGO excitation under visible light (rGO*) equation, as
presented by DRS results. In this way, excited RhB molecule

@ Springer

(Eq. 9) and rGO (Eq. 10) increase the production of O,H*
radical in the mechanism

[TiOg]" + 1GO* — [TiO,]" + rGO* (10)

Particularly, in the case of rGO* under visible illumina-
tion, it is possible that the efficiency of O,H radical produc-
tion through the reaction with the negative photogenerated
carrier ([TiOg]"), allocated in rGO sheets, with adsorbed
molecular oxygen (Eq. 8), is more elevated than the reac-
tion between the negative TiO, cluster charged ([TiO¢]")
with molecular oxygen adsorbed (Eq. 4), which occur in
TiO, sample. The promoted photo-carrier separation effect
produced by TiO,—rGO heterostructure enables the direct
photo-oxidation of RhB by oxygen vacancies (Eq. 6), being
the second more important steps in RhB mechanism under
visible illumination. However, the importance of the direct
photo-oxidation by the oxygen vacancies is higher for
TiO,—rGO heterostructure than for TiO, sample, promoting
an increase in visible photocatalysis of TiO,—rGO hetero-
structure sample.

The essential RhB degradation mechanism steps under
UV and visible illumination for TiO, and TiO,-rGO het-
erostructure samples is illustrated in Fig. 10, and are based
on an equation from 2 to 10. Reduced graphene oxide
(rGO) is well known as a useful charge intermediate [46,
48, 49]. The PL results show that TiO,—rGO heterostruc-
ture inhabits the charge carrier recombination and elec-
trochemical results show that TiO,—rGO heterostructure
presents a faster electron transfer than TiO, samples. The
first index (1) indicates the photo-charge creation (Eq. 2)
in every condition. The index 2 indicates the most criti-
cal RhB degradation mechanism steps for each condition.
The following index illustrates the classification in impor-
tance for every reactive oxygen species in RhB degradation
mechanism.

4 Conclusion

The RhB discoloration mechanism was proposed for
TiO, nanoparticles and TiO,—rGO heterostructure. The
TiO,-rGO heterostructure formation modifies the main
reactive oxygen species and, consequently, modifies de
mechanism compared with TiO, nanoparticles sample,
under UV and visible illumination. For TiO,—rGO het-
erostructure, the synthesis medium changes the morphol-
ogy of the sample. The FE-SEM analysis exhibit TiO,
with around 6.0 nm in diameter and the presence of rGO
increase the crystallite size confirmed by Scherrer equa-
tion. However, the specific surface decrease with the het-
erostructure creation. The non-hydrolytic method favors a
better distribution of TiO, nanoparticles around the rGO
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Fig. 10 Scheme of proposed RhB discoloration for TiO, under UV (a) and visible (¢) illumination and for TiO,—rGO under UV (b) and visible
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structure, due to the alteration of functional groups caused
by the organic solvent. The two samples show the anatase
crystalline phase TiO,. However, the heterostructure
decreased the band gap of the samples. It can be observed
that TiO,-rGO heterostructure increases the efficiency in
the RhB photocatalytic degradation under UVC illumi-
nation, promoting a better separation of photogenerated
charges than the TiO, sample. The improvement of photo-
catalytic efficiency of TiO,—rGO heterostructure compared
with TiO, sample is caused by diverse factors: (i) mor-
phology, which shows well dispersed TiO, nanoparticles
homogeneous distributed all over the rGO sheet; (ii) rGO
reduction characteristics; (iii) the intense absorption in the
visible light region; (iv) the decrease in band gap values;

(v) the inhibition of the charge carrier recombination and
(vi) the faster electron transfer. The RhB discoloration
mechanism modifications for the TiO,—rGO heterostruc-
ture are presented, and the primary reactive oxygen spe-
cies production is changed.
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